On December 26, 2015 (Boxing Day), an exceptional flood event occurred in the Irwell catchment, United Kingdom, when the neighbouring Mersey catchment experienced a much more typical winter run-off event. This provided an opportunity to examine the influence of high-magnitude hydrological processes on the behaviour of fine-grained metal-contaminated bed sediments. Forty sites across the two catchments were sampled for channel bed fine sediment storage and sediment-associated metal(loid) concentrations prior to, and following, the flooding. Sediments were analysed for total As, Cr, Cu, Pb, and Zn and then subjected to a five-step sequential extraction procedure. Despite a significant reorganisation of fine-grained (<63 μm) 
concentrations and other sediment characteristics (Rothwell, Robinson, Evans, Yang, & Allott, 2005; , 1995 . A dilution effect is sometimes observed at peak discharge and during the falling limb of the flood hydrograph as contaminated sediment sources are exhausted, and clean material is introduced into the fluvial system from uncontaminated headwater environments (e.g., Bradley, 1984; Bradley & Lewin, 1982; Coynel et al., 2007; Dawson & Macklin, 1998a) . However, urbanisation and industrialisation can influence the dynamics of metal cycling during and following flooding. These phenomena may influence catchment hydrological processes and the redistribution of metals, so that sediment-associated metal concentrations largely reflect these anthropogenic sources (e.g., Baborowski & Einax, 2016; Hutchinson & Rothwell, 2008) .
Studies of bed sediment-associated metals demonstrate significant change in response to flood events. For example, in miningaffected catchments, concentrations associated with channel bed sediments typically decrease downstream, albeit with some small increases observed close to the mining site (Ciszewski, 2001; Wadige, Taylor, Krikowa, & Maher, 2016) . In contrast, Miller et al. (1999) found no change in mine tailing-derived Hg concentrations within bed sediments of the Carson River Valley, United States, despite dramatic shifts in channel morphology. Metal concentrations within the finegrained channel bed sediments of urbanised catchments have been shown to persist across multiple flood events and flow conditions (Horowitz, Elrick, Smith, & Stephens, 2014; Pulley, Foster, & Antunes, 2016) , reflecting the continuity of catchment sources. These studies included contributions from urban road deposited sediments that were not depleted by successive storm events, although this may reflect a replenishment of contaminant stores between events (Pulley et al., 2016) . A high-magnitude event in the Deba catchment, Spain, however, led to a significant redistribution of anthropogenicallyenriched bed sediment metals (Martínez-Santos, Probst, García-García, & Ruiz-Romera, 2015) . Further work is required to better understand changes in sediment-associated metal concentrations and their spatial distributions in response to flood events of various magnitudes.
Flood events may alter the sorption processes binding metals to sediment particles. Physical resuspension of fine sediments may lead to desorption of associated contaminants (Zoumis, Schmidt, Grigorova, & Calmano, 2001) , and flood events may also change water quality, such as pH, which could alter sorption dynamics (Eggleton & Thomas, 2004) . Such changes in mobility influence the bioavailability of sediment-associated contaminants, and this has implications for ecosystems and the potential release of metals into the aquatic phase.
The dynamics of metal mobility during flood events and in flooddeposited overbank sediments have been widely studied (Bradley, 1984; Kozak, Skolasińska, & Niedzielski, 2012; Leenaers, 1989b; Macklin & Dowsett, 1989) . Typically, Fe and Mn oxides dominate in these contexts (Macklin & Dowsett, 1989) , particularly for Pb and Zn (Dawson & Macklin, 1998b) . Flood events may also transform metals into more mobile forms (Leenaers, 1989b) . Only one study has examined bed sediment-associated metal partitioning following a flood event, and limited temporal variability was reported (Martínez-Santos et al., 2015). Further work is required to explore the influence of extreme hydrological processes upon the mobility of contaminated channel bed sediments. In light of projected increases in the frequency of large flood events in response to climate change (Milly, Wetherald, Dunne, & Delworth, 2002; Naylor et al., 2016; Prudhomme, Reynard, & Crooks, 2002) , it is important to better understand the mobilisation, export, and transformation of sediment-associated metal concentrations associated with such flooding in a range of environmental contexts.
| The Boxing Day 2015 flood event
During November and December 2015, a persistent low-pressure cyclonic system dominated in north-west England. A number of large storm events took place in quick succession, including Storm "Abigail" (November 12-13, 2015) , "Desmond" (December 5-6, 2015) , and "Eva" (December 24, 2015 (Marsh et al., 2016) . Within the study catchments, these conditions led to widespread saturated soils, which exacerbated flooding by increasing the flashiness of catchment response . Overall, December was the wettest cal- ranked in the top five daily discharges on record in the United Kingdom (Barker, Hannaford, Muchan, Turner, & Parry, 2016) . ) was eased 100 mm into the bed sediment matrix. The bed sediment was then agitated using a trowel to bring both surficial and interstitial fine sediment into suspension. The sediments were agitated for 10 s at 0, 2, and 4 min at each site. The turbid water in the cylinder was then collected using plastic jugs and transferred into a 25 litre container. This procedure was performed at four locations within each channel cross section to provide a composite sample that was representative of each site.
| Field sampling

| Sedimentological analyses
All sediments were wet sieved prior to analysis to isolate the <63 μm fraction and freeze-dried. The preferential sorption capacity of silts and clays (<63 μm sediments) is well-established in the context of contaminant studies (Förstner & Salomons, 1980; Horowitz, 1991) . Grainsize analysis was carried out using a Malvern 2000G Particle Sizer following the removal of organic matter (by wet peroxide oxidation) and ultrasonic dispersion. Specific surface area (SSA) was estimated by the Malvern software.
Following Owens, Walling, and Leeks (1999) , estimates of sediment storage of the <63 μm fraction were produced using the equation:
where bed sediment storage (BS s ), reported as grams per square metre, is calculated as a function of the sediment concentration associated with the container (C s , g l
) and the volume of water enclosed in the cylinder (W v , l), divided by the surface area of channel bed that was iso- For ICP-MS analysis, sediment samples (0.2 g) were digested in a Mars CEM microwave in 10 ml aqua regia (3:1 HCl to HNO 3 ). Concentrations were measured using a PerkinElmer NexION ICP-MS, and a 7-point calibration procedure was applied. Certified standard reference materials were run every 10 samples, and drift was <10%. Calibration curves all had R 2 values >0.999.
| Total metal(loid) storage
The storage of each metal(loid) (Ms) on channel beds was estimated for each site as a function of bed sediment storage (BS s; kg m −2 ) and metal(loid) concentration (M c ; mg kg −1 ) following Walling et al. (2003) .
The value may be converted using the dimensionless factor k to pro-
, as is typical for other studies of metal storage:
These results were compiled to produce a total metal(loid) channel bed storage value for both the upper Mersey and Irwell catchments and the total combined catchment area. This was calculated by extrapolating storage values from individual sampling sites to the reach scale. Reaches were defined as sections of the river network with similar hydrogeomorphological properties. This was performed following Marrtila and Kløve (2014) and Walling, Collins, Jones, Leeks, and Old (2006) , who produced total catchment values for sediment storage.
The results were scaled up for each reach as a function of metal (loid) storage and channel area. Channel area was established using Ordnance The uncertainty associated with catchment-scale estimates of total metal(loid) storage were produced using the error from the metal(loid) analysis and that resulting from estimating sediment storage, which was defined for the study rivers in Hurley et al. (2018) .
| Sequential extractions
A five-step modified Tessier, Campbell, and Bisson (1979) Following extracts 1-4, samples were centrifuged for 25 min at 2,000 rpm. The supernatant was decanted for analysis whereas the residue was rinsed in deionised water for 15 min and centrifuged for a further 15 to wash the sediments between stages. The residual fraction (extract 5) was digested in a MARS CEM microwave for 1 hr before filtering and dilution. All extracts were analysed using ICP-MS following the procedure detailed above. Duplicate samples were subjected to the sequential extraction procedure, and all results were within ±10%.
To characterise concentration changes in sequential extraction data measured for pre-flooding and post-flooding bed sedimentassociated metal(loid)s, a mobility factor (MF) was calculated using the formula outlined by Kabala and Singh (2001) :
where A, B, C, D, and E are the concentrations associated with the exchangeable, acid soluble, reducible, oxidisable, and residual fractions, respectively. The MF represents the proportion of the metal (loid; A + B) that is considered to be more readily mobilised. This is shown by catchment and for the total study area.
catchments. These patterns demonstrate that the period of sustained including Pb and As (Rothwell et al., 2005 (Rothwell et al., , 2009 ). This very probably limits the availability of "clean" sediments to dilute contaminated loads 
| Total bed sediment metal(loid) concentrations
| Bed sediment-associated storage of metal(loid)s
Estimates for the mean sediment-associated storage of metal(loid)s across the two study catchments are given in Table 2 . Note that these data refer to the storage of metal(loid)s within the <63 μm fraction on the channel bed. These values are similar to those observed for the , & Leeks, 2005; Estrany, Garcia, Walling, & Ferrer, 2011; Walling et al., 2003) . 
| Sequential extraction of metal(loid) concentrations
Sequential extractions of total metal(loid)s were performed on samples from 12 sites for both pre-flooding and post-flooding sediments. concentrations. Furthermore, there is no discernible difference in the response observed in the Irwell compared with that in the upper Mersey catchment, where the latter experienced a much more typical period of flooding. Given the dramatic improvements in water quality in these catchments since the 1980s (Burton, 2003) , the enduring sediment contamination issue points towards sources that are "locked in,"
and potentially reinforced by the distinctive hydrological and geomorphological conditions of urban river networks. These contaminant sources may include the reworking of historically contaminated alluvial materials, which could help to explain persistent elevated concentrations, even in headwater catchments. This suggests that poor sediment quality may continue to be a feature of the Irwell and upper
Mersey catchments for many decades.
